Abstract. Barium sulphate (BaSO 4 ) is common scale deposits precipitated in pipes which can hinder the flow rate and lower heat transfer efficiency. Therefore, there is a need to address the understanding of scale formation in pipes. In this paper, the formation of BaSO 4 scale in the laminar flowing water was investigated in the laboratory rig of scale formation. The scale forming solution was prepared by BaCl 2 and Na 2 SO 4 with Ba 2+ concentrations in equimolar ppm of 2500, 3000, and 3500. The pH solution was set up in the values of 6, 8, and 10. The crystals were deposited on the four coupons pipes made of copper inside the pipes. The scale deposited from the flowing water was then characterized by using SEM equipped by EDX for crystal morphology and elemental analysis. XRD method was used for the crystalline phase analysis. The results showed that BaSO 4 crystals with star-like morphology can be observed from SEM imaging. The pure crystal barite can be obtained from the experiments as can be confirmed by XRD analysis. It is obvious that the barite crystals can be easily formed in the basic solution.
Introduction
The formation of barium sulphate as called barite and other insoluble scale types (metal sulphate, calcium carbonate and silicates) is a very common case in the oilfield and frequently happen when incompatible types of water (injected sea water and formation water) are mixed in the reservoir. The control parameters in the scale formation may include the supersaturation index in the mixed solution [1] . Barite is one of the mineral deposits, becoming an extreme concern for the oil and gas industry because it can be deposited on the surface of the inside diameter of pipes. The existence of this mineral scale influences the oil production, hence leading an extreme economic impact. This scale can also be considered as one of factors that makes the production of oil and gas around the world declined. Now, the scale prevention strategy becomes a crucial issue in the fields of oil and gas production. Therefore, every year, the companies spend millions of dollars to mitigate the impact of the scale. Estimation shows that the industry spends around 5 billion USD every year. Considering from its operating costs, the scale prevention is the largest maintenance cost allocated for this field [2] . On the other hand, barium sulphate is the most difficult scale to be removed because of its low solubility in water (solubility in water only 2 mg/l). This scale is frequently difficult to remove by acid treatment. Because of the relatively low solubility in water, barite can be easily precipitated from brine once its solubility limit exceeds. Barite formation typically occurs on the areas that are directly in contact with seawater during the oil production process, such as down-hole in the near well bore area and production tubular as well as in the topside, crude oil, processing equipment. In the oil production processes, deposition of the sparingly soluble salts is becoming great issues, because of the downtime consumed for cleaning the equipment and the increasing operating cost due to the possible loss of the product purity in the presence of unwanted minerals [3] . Barite is an unusual scale mineral not similar to calcium sulfate and calcium carbonate, which are typically found in water treatment. However, it is considered to be a common mineral formed into the marine environment and the area of oil and gas production [4] . This mineral can also occur in many processes ranging from desalination to oil production and hence resulting in great interest in cost reduction by the scale inhibitor. In comparison to the chemistry of calcium carbonate (CaCO 3 ), barite is more soluble in water with increasing temperature, while the solubility of calcium carbonate reduces as the temperature increases. In contrast, the formation of calcium carbonate depends highly on pH, while barite is not pH dependence. Additionally, calcium carbonate solubility is also higher than barite.
Furthermore, the solubility of barite at 25 and 50 º C has the general increasing trends as temperature increases. Barite solubility product of K sp equals to 1.08 × 10 -10 mg/l at 25 O C and 2.16 x10 -10 mg/l at 50 º C [1] . It can be easily found on the surface equipment and tubes in many industrial and oil drilling processes. Here the control of crystal growth and morphological changes of crystal barite needs a knowledge of mechanism crystallization [5] . In nature, the crystalline phase and morphology of barite may be related to a complex crystallization process; as a result of multiple masses transferred levels from supersaturated solutions. This process may be influenced by many factors such as solution temperature, supersaturation, mixing speed and the presence of additives. To change nucleation and crystal growth behavior, size and morphology of crystals may use chemical additives. For the selection of scale inhibitor, it can be made based on the results of spontaneous precipitation experiments conducted at the laboratory without and with additives.
In the present study, the formation of barite scale was examined by using a pilot scale of laboratory equipment consisting of a pipe system. The objective of this study was to analyze the crystalline phase and crystal morphology of barite precipitated from the laminar flow water. In particular, crystal growth of the piping surface was predicted through a kinetic study based on induction time. The scale sample was then analyzed by using X-ray diffraction (XRD) for phase composition and SEM/EDX for morphology and chemical elemental determination.
Experimental Method

Materials
A feedstock powders with an analytical grade for crystal forming solution consisting of BaCl 2 and Na 2 SO 4 (Merck Tm ), and 1 M KOH was added into the BaCl 2 solution to maintain pH solution. The tools used in the experiments involved conductivity meters, oven, pH meter, the glass beaker with volume of 1000, 250, and 50 ml, a pipette, and filter paper. 
Crystal Growth Experiments
Firstly, here an important step in making a supersaturated solution must be considered, based on a calculation of the concentration of barium (Ba 2+ ) in the solution. The concentration of Ba 2+ was determined to be 2500, 3000, and 3500 ppm, while a flow rate of 30 ml, temperature (30, 40, and 
50
o C), the time required for trial for 2.5 hours were selected. The need for the concentration is presented in Table 1 . Meanwhile Figure 1 shows the pilot scale of laboratory equipment. For the preparation of the solution, the weighing of powder feedstock was performed according to the calculations presented in Table 1 . Then, the vessel was filled with 1 liter of distilled water equal to 1 liter of BaCl 2 . The addition of distilled water continued until the desired volume reached. To remove particles carried in solution was filtered by using a filter paper. The same steps were also carried out in the preparation of Na 2 SO 4 solution. For checking the pH value, Na 2 SO 4 and BaCl 2 solutions were then entered into each vessel 1 and vessel 2. Afterward, both solutions were pumped into the coupons from the vessel 3 and vessel 4. Measurements of the conductivity of the solution were performed every two minutes for the first one hour experiment, every five minutes for the second one hour and every ten minutes for the third one hour, so that time for a trial was ended for two hours and thirty minutes. To perform conductivity measurements was carried out by inserting electrode's conductivity in the liquid coming out of the coupon. After two hours and thirty minutes, the pump was turned off, and the house of coupons was detached. Subsequently, the coupon was taken from the house coupons and dried by using an oven at a temperature of 100 O C for 1.5 hours. Weighing of the mass scale was initially done while the scale was still attached to the coupon. Furthermore, the masses difference between coupon mass with and without scale provided the mass of the resulting scale. After the experiments, the crystal scale product was subjected to the SEM-EDX and XRD analysis. The scale deposited from the flowing water was then characterized by using SEM equipped by EDX for crystal morphology and elemental analysis. Characterization of the samples was performed by using SEM brand JEOL JED-2300 with EDX facility to determine chemical elemental composition in the sample. SEM image capture process was done by using the secondary electron detector (SE) on the acceleration energy of the primary electron-beam source tungsten wire at 20 keV with a working distance (WD), held constant at 10 mm. WD value was set up to get EDX spectrum in the best condition. EDX was taken on the average value of dead time between 20% and 40%. Additionally XRD method was used for the crystalline phase analysis. The XRD data for the crystal structure analysis was collected by using Shimadzu XRD brand XD610 with measurement angle 2θ of 10 0 -90 0 . The X-ray was generated from Cu-K with a wavelength of 1.5405. The measured XRD data was analyzed by using the Full-Prop program for crystalline phase identification.
Results and discussion
The induction time for the variation of Ba
2+ concentration in the solution. In practice, the induction time is frequently used to represent crystal nucleation. The induction period, t ind , can be explained as the time pass between the invention of supersaturation and the first showing of a new phase, ideally nuclei with the critical cluster size dimensions [7] . The induction time may be regular by following the change in concentration of one of the crystal ions over time (see Figure 2) . However, the induction period can be determined experimentally and the precision is in agreement with nucleation turn on the analytical technique predicted. Therefore, a part at the induction time may also indicate the crystal growth into a detectable size [8] . (ii) barium supersaturation due to the growth of nuclei, from spontaneous nucleation or constrained by seed crystal addition, to final equilibrium saturation [15] .
Furthermore, the induction time can be considered as time taken when the ions in solution to, firstly, form a crystal nucleus. The induction time can be measured by looking at the conductivity of the solution coming out of the pipe specimen. The occurrence of a significant reduction in the conductivity of the solution indicates the end of the induction time. This phenomenon implies that the ions forming the crystal have left a new solution and form crystals that stick to the wall of the pipe. The induction time can be measured from the start reaction to ions forming barite until the conductivity drops significantly. In this present study, the induction time of barite crystal formation can be seen in the graph as shown in Figure 3 . It shows that the higher concentration leads to crystallize faster than that for the lower concentration. If the concentration is high, then the molecules have a significant concentration that supports the formation of crystal nucleus. The higher the Ba 2+ concentration in the solution, the smaller critical nucleus size will get. Accordingly, the formation of crystal nucleus may increase. For this research, it is assumed that the nucleation time is much greater than that required for growth of crystal nuclei in the detectable size.
Effect of Ba
2+ concentration on the growth of barite scale Obviously, the increasing Ba 2+ concentration resulted in the increasing crystal growth rate of barite when the temperature also increases (Fig. 4) . If the solution exceeds the saturation limit, there will be a reaction between ions in solution, and the scale deposit is produced [16] . Nucleation occurs when the saturated solution is achieved. As the solution exceeds the limit of the saturated condition, some molecules or ions combine to form clusters, which later grew into a crystal nucleus. Crystal's nucleus will dissolve when its size is smaller than the particle size (critical core), while the crystal nucleus subsequently develops when the particle size has become larger than the critical and crystalline structure is developed [17] . A metastable zone of supersaturation exists where the nucleation rate is so low that precipitation is impossible within the measured time frame. The breadth of this zone is given thermodynamically by the free energy of becoming the critical cluster size in homogenous nucleation. Homogeneous nucleation forms on the basis of some nucleation theories and can be comprehensive to heterogeneous nucleation. Two important parameters characterize the nucleation process: (i) the free-energy change, and (ii) the rate of nuclei forming [18] .
In this present study, increasing the concentration of the solution at the same conditions will multiply to barite scale formed. The rate of growth at 2500 ppm Ba 2+ concentration providing 0.2689 grams / hour; the concentration of 3000 ppm providing 0.2702 grams / hour and 3500 ppm resulting in 0.2890 grams / hour. This case suggests that the increased concentration as the solution increased the average rate of scale growth.
Effect of temperature on the growth rate of barite scale
Temperature is one of the main factors influencing the growth of barite scale. The higher temperatures result in increasing solubility of barite, in other words; the higher temperature decreases precipitated barite (Figure 4 ). According to Merdhah (2012), the barite scale formation decreases at low temperatures because the solubility increases with increasing temperature [13] . Barite precipitation rate and reduction in permeability intensity decreased with increasing temperature [14] . In this study the Ba 2+ concentration of 2500 ppm with temperatures rising from 30 0 C to 50 0 C yielded to reduction from 0.2767 gram scale mass to 0.2697 gram. This phenomenon is because the low temperatures causing the faster formation of barite scale.
Effect of pH value on the rate of growth of barite scale
The pH control of cooling water may be used with the acid injection. It has long been applied to prevent scaling of calcium carbonate, calcium phosphate, and others. However, the pH value has the significant effect on the presence of inhibitors, where the higher pH will increase protonation inhibitors, and the lower pH generally reduced the level of protonation [3] . According to Akyol (2012) , the pH solution affects the protonation degree of the carboxylic acid groups of PAA, and low pH generally reduces the protonation level. Therefore, the interaction between PAA and barite crystal was weakened at low pH; the inhibition effect of PAA on the crystallization of barite at low pH was impaired, and the morphology of the crystals was similar to that of the crystals ready in the absence of polymer. When the pH of the solution was increased to 9, the spherical particles were obtained. This result showed that the increase of pH of the solution led to the increase in the protonation level of the carboxylic acid groups of PAA [4] . The greater the change in pH will alter the degree of dissociation of the molecule inhibitors. The pH 8 with an inhibitor HEDP showed inhibition of the additive but increasing the pH from 8 to 12 result in a loss due to additive inhibition of the barite surface changes with PH [15] . In the present study, pH value did not have a significant effect on the growth of barite scale. Effect of pH on the crystal growth can be seen in Figures 3 in which no changes on the surface of barite crystals can be observed.
Morphological analysis
Barite crystal structure is orthorhombic, has a unit cell comprising four units of barium ions. Barite growth by aggregation mechanism was followed by a recrystallization process [5] , while particle morphology is strongly influenced by the level of saturation. The higher the saturation level will produce a particle size smaller crystals continuously until far below 100 μm [16] Crystallization reaction is the formation of a solid phase from a liquid as a result of appearance saturation followed by a chemical reaction [17] .
According to Akyol (2014) , the morphological characteristics precipitated barium sulfate in the absence of additives in tablet form rectangular as shown in Figure 5 .ac. The crystal size is the mean length of 9.53 μm and a mean width of 5.79 μm. Barite crystals in the presence of additives CMI (carboxymethyl inulin) show products in the form of tablets or aggregates such as flowers. Spherical crystal goes right shape as barite crystals. Morphology of barite crystals with the Ba 2+ concentration of 2500, 3000, and 3500 ppm can be seen in Figure 6 .
From the result of SEM analysis, it can be seen that the form of barite crystals formed at a concentration of 2500, 3000, and 3500 ppm are shaped like a flower; it indicates that this crystalline form is characteristic of barite crystals. EDX analysis aims to look into the composition of barite crystals. EDX analysis on the results can be seen that the main elements in the scale formed barite is Ba (Barium), C (carbon), O (oxygen) and S (sulfate). This case indicates that the scale is generated for this study to be barite scale. 
XRD analysis
XRD analysis was performed to determine the crystalline phase of the scale. X-ray diffractogram of the crystal product is presented in Figure 7 . From XRD results of the different solution with various Ba 2+ concentration, each intensity peak was then matched with the data of the International Centre for Diffraction Data (ICDD)-Powder Diffraction File (PDF). It shows that all diffraction peak intensities of the crystal are matched with PDF numbers of 04-012-5411, indicating that the crystal of barite is present in the sample. All the diffraction intensity of the XRD pattern are also in good agreement with the reported data (JCPDS filed No: 24-1035) that can be indexed as barite with orthorhombic crystal structure [18] . 
